Abstract--Objects of various shapes, with some appreciable hydrogen content, were exposed to fast neutrons from a D-T generator, resulting in a partially-moderated spectrum of backscattered neutrons. The thermal component of the backscatter was used to form images of the objects by means of a coded-aperture thermal-neutron imaging system. Timing signals from the neutron generator were used to gate the detection system so as to record only events consistent with thermal neutrons traveling the distance between the target and the detector. The technique may have application in the detection and shape-determination of land mines, particularly non-metallic types.
II. EXPERIMENTAL DETAILS
The major components of the thermal-neutron imager are shown in Fig. 1 . The basis of this instrument is a 2-dimensional 20 cm x 17 cm position-sensitive proportional counter (1) containing 6 atmospheres of 3 He and 2.5 atmospheres of C 3 H 8 . A thermal neutron reacts with 3 He to form a proton and a triton with total kinetic energy of 764 keV that is available to ionize electrons in the gas. In the proportional mode, the applied bias field is sufficient to cause some electron multiplication. The motion of the electrons and positive ions in the bias field induces positive charges on the two perpendicular, planar arrays of cathode wires, or strips, with 1.6-mm spacing. These wires (strips) are connected to charge-sensitive preamplifiers at resistively coupled nodes spaced at 1-cm intervals. The center of charge in x and y dimensions is determined to within about 1 mm by resistive charge division between the three preamplifier nodes closest to the event. The location of the event in the z direction (perpendicular to the face of the detector) has an uncertainty d less than the 1.5-cm thickness of the gas and should be approximately equal to the mean free path of thermal neutrons in the 3 He. This uncertainty can lead to a parallax error in the decoding of x and y positions if the incident neutron path is not perpendicular to the face. All of the position-encoding electronics required to create a digital histogram are now contained in a single custom board (2) . The histogram can be initialized or interrogated, when required, by a computer (3) that performs further analysis of the data. Shadows are cast on the front of the detector by a coded aperture constructed from Cd sheet glued to an Al substrate. The three mask patterns in use at BNL are Modified Uniformly Redundant Arrays [6] , with 19, 31 or 47 pixels on a side (see Fig. 2 ). These patterns are antisymmetric, and so will replace open areas with closed areas when they are rotated by 90 degrees. The other 5 sides of the detector are shielded from scattered neutrons by a Cd-lined box equipped with 4 support frames on which the mask can be clipped at different distances from the face of the detector so as to change the focal length, f. When the coded-aperture camera is used to image nearby objects, the basic mask pattern must be fabricated with dimensions (2h x 2h) which are smaller than the sensitive area of the detector, such that the magnified shadow of the primitive mask pattern (2mh x 2mh) is entirely recorded (see Fig. 3 ). Four copies of the basic pattern are tiled together so that a complete mask shadow can be cast from a point source that is off the central axis. For an n x n -pixel mask pattern with pixel size p, the width s of the scene that is fully encoded at a range r is given by
Sources to be imaged should be kept within this field of view or they may contribute to partially encoded data, which will introduce artifacts into the images. The spatial resolution of the imager is limited by p for distant sources, and becomes worse for nearby sources because of the magnification of the pixel shadow and the uncertainty in the z location of the neutron interaction in the 3 He. In Fig. 4 , the shadow of a pixel on the face of the detector is kept constant by adjusting the mask size as a function of source distance. The parallax error is given by dh/r. For a very distant object (large r), the shadow of a pixel approaches the same size as the mask pixel p, and there is negligible parallax error, but the actual size of an object, rp/f, that matches one resolution element becomes large. For a source closer than 100 cm, the parallax error approaches the dimensions of a pixel shadow, so the image becomes blurred. With the given choice of mask dimensions and focal length, it is hard to resolve objects smaller than 1 cm. 
III. TESTS OF THE IMAGER
Preliminary measurements have been made of the imaging capability of the system using a continuous isotopic source. An Am/Be source has been enclosed by 30-cm thick moderating material and surrounded by boron-loaded polyethylene shielding, leaving an aperture about 15 cm in diameter from which thermal neutrons emanate. A photo of this circular aperture is shown in Fig. 5 , with a triangular block of wood with thickness 3.75 cm interposed in the neutron pathway. The neutron detector and coded-aperture mask were placed about 1 m away. The deconvolved thermal-neutron image is shown in Fig. 6 , and it is very clear that the system has successfully identified the circular source of neutrons with a deficit of neutrons at the position of the wooden triangle. A major fraction of the thermal neutrons incident on the back of the wooden triangle were scattered in other directions so they were not collected by the imager. A much smaller number of neutrons that were initially traveling at oblique angles were scattered back into the field of view. The net result was a triangular shadow that was dark compared to the intensity of thermal neutrons leaving the surface of the polyethylene cylinder. 
IV. TIME-OF-FLIGHT MEASUREMENTS
A commercial D-T pulsed neutron generator was used to produce 10 7 fast neutrons per second (14 MeV) in pulses having a 1 kHz repetition frequency. Objects containing hydrogen placed in the fast neutron beam then thermalized some fraction of the neutrons, and became secondary sources. A crucial issue in producing useful images with a neutron generator is the ability to veto events that do not contribute to the image. Fig. 7 shows the calculated neutron current as a function of flight time from a hydrogenous target to the detector, for three different distances of separation, 1, 2 and 3 meters. It is assumed that the neutrons in each bunch achieve a Maxwellian distribution of energies corresponding to a temperature of 25 meV before they are emitted from the target.
In addition, epithermal neutrons that arrive at the detector at times shorter than 100 µs can penetrate the cadmium mask and have a finite probability of being detected by the 3 He without casting a shadow. Also, neutrons that thermalize in the floor and walls arrive at the detector from all directions at later times. These events add a uniform fog to the image. Many of them can be rejected by gating the acquisition system to accept only those events detected during the period 100 to 500 µs after the neutron generator pulse. Thus the gated image emphasizes thermal neutrons with the appropriate time-offlight for the target to camera range of 1 m. 8 shows experimental data in which the time-of-flight gate was varied both with and without a thermalizing target in the field of view. The high count rate at early time is due to the detector response to epithermal neutrons where the presence of the target makes little difference to the detected count rate and the cadmium coded-aperture elements do not stop the neutrons. The 3 He reaction cross-section for fast neutrons is of the order of 1000 times less than for thermal neutrons, and the detector response to 1 eV neutrons is about 6 times less than at thermal energies. However, the number of scattered fast and epithermal neutrons is relatively high. The physical principles of fast neutron emission from bulk media are termed die-away and are quite complex. The time of emission of neutrons of any given energy first requires a slowing down time to that energy and then a leakage time at that energy. It is important to note that the addition of the small target (1% of the area of the scene) increased the total count rate at longer time delays by a factor of about 2.
In order to determine the contrast that can be obtained from this neutron energy spectrum with cadmium (Cd) or 5% borated polyethylene (BPE) sheet used separately or together in a coded aperture, four quadrants were shielded as shown in Fig. 9 . The Cd shields the thermal neutrons effectively, while the BPE absorbs some of the fast and epithermal neutrons. The results of the contrast test were, as expected, dependent on the timing gate used to select the collected neutrons. In the ungated case (Fig. 10) , the best contrast ratio obtained was about a factor of 2 between the unshielded area and the area shielded with Cd, indicating a significant contribution from epithermal neutrons that penetrated the Cd. When the 100-500 microsecond gate was employed (Fig. 11) , a contrast ratio of 6 was achieved. Although the ungated data show a higher net thermal-neutron count per pixel, many of these neutrons could be from room background rather than from the target at 1 m range, and would be distributed throughout an image. Figure 12 shows images acquired using a cylindrical polyethylene target 10 cm in diameter x 10 cm long with the axis of the cylinder facing the imager, and perpendicular to the neutron beam coming from below. The image formed with ungated events (a) contained 149,000 counts, of which half should be thermal. This image did not distinguish the target from the background that included thermal neutrons from the walls and ceiling. The gated image (b) contained 98,000 counts, of which 80% should be thermal. This image clearly showed the circular face of the cylinder at the center of the image, with a diameter equal to about 3 mask pixels. The timing gate of 150-600 microseconds was chosen, based on the calculations in Fig. 7 , to optimize the sensitivity to a target at approximately 1 m from the detector. 
V. CONCLUSIONS
Thermal-neutron backscatter imaging of hydrocarbon materials has been demonstrated using a D-T 14-MeV neutron generator and a coded-aperture camera. Gating of the acquisition system to emphasize the thermal neutrons that travel a known distance from a target zone is one way to enhance the quality of the images. The shapes of hydrogenous objects can be determined by this technique, provided enough events are recorded to obtain statistically significant intensities in the regions of interest. Future work will include the merging of mask and anti-mask data to reduce artifacts in the images caused by mask and detector imperfections. The construction of larger, more sensitive detectors would significantly reduce the data acquisition time.
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